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1 Introduction
The requirements on the accuracy in the measurement of M
W
[1] based on the hypothesis of




pairs) in each experiment
















To cope with the requirements (1) the systematic error induced by the knowledge of the absolute











The accuracy in the beam energy determination highly depends on the availability of transverse
polarization (P
?
) to apply the Resonant Depolarization (RD) method for energy measurement[3].
Application of the RD method provides an instantaneous precision of  1 MeV with 5%
transverse polarization.
Prospects for transverse polarization at energies higher than LEP1 are discussed in Section 2
where a Maximum Polarizable Energy E
Pol
max
 60 GeV is anticipated.
The problematics of beam energy measurement in conjunction with the experimentation at
LEP2 has been examined in a twofold approach.
Two methods whose accuracy requires cross-calibration with precise energy measurements
with the RDmethod are discussed in Sections 3 and 6 together with considerations on attainable
accuracies, feasibility and technical implications for the machine.
Alternative scenarios have been considered and conclusions are reported in Sections 4 and 5.
2 Transverse Polarization beyond Z
0
Prospects for transverse polarization beyond Z
0
energy are based on assessment of the



















are the rates of self-polarization and depolarization of the beam.
Although the rate of radiative self-polarization increases with E
5
, the depolarization eects due
to resonances driven by machine imperfections also increase rapidly with energy.







The parameter a can be chosen to reproduce the polarization level attainable at the energy of
the Z. It can be controlled by the application of techniques of orbit control and spin harmonic
compensation.
It is known however that depolarizing resonances are further enhanced by the increasing energy
spread in the beam. Despite some lack of condence in the calculations of these eects in the
past, experimental tests with wigglers at LEP1 have given results consistent with theory [4].
Recently the theory has been used [5] to compute optimum combinations of beam energy
and RF voltage (controlling the synchrotron tune). By using more RF voltage than normally
necessary at a given energy, these could provide conditions of maximum polarization. First
indications are that polarization levels of 10% should not be out of reach at energies of 60 GeV
or beyond. Calculations along these lines and simulation work will continue.
3 Energy calibration using present techniques
The default scenario for beam energy calibration at LEP2 is as follows:
 Precise calibration will be performed with resonant depolarization at energies where it
has proven to work reliably. A rst choice is an energy corresponding to LEP1 (around





, will be the highest where polarization in excess
of at least 5% can be reliably obtained. This second energy, expected to lie in the range
60{75 GeV, will be left as parameter in the following discussion.
 Extrapolation to the higher energy will be made in two ways:
i) using the ux-loop which provides a calibration of the non-linearity of the ensemble of
the LEP dipoles and
ii) using a set of NMR probes which will provide a precise (10
 6
) measurement of the
local magnetic eld in a sample of LEP magnets.
 On-line monitoring of the energy will be provided by
i) the eld information from the in-situ NMR probes;
ii) recording of the horizontal orbit and
iii) recording of various parameters of the RF system and its asymmetries.




3.1 Present experience on the LEP Energy
The LEP beam energy is aected by a multiplicity of eects, which induce variability in time








. Some of these eects are
well known. They include
 variations of the LEP circumference due to ground motion. This category includes earth
tides, lake level, and other ground swelling. These eects can be corrected using measured
orbits and the known momentum compaction factor, down to a precision of a 1{2 MeV.
It should be born in mind that they vary with the horizontal tune so that if it were to
be changed from the present 90 degrees phase advance per cell, a new measurement of
the compaction factor should be foreseen. This is not expected to cause a problem or a
substantial error. Also, this means that regular calibrations at a suitable energy should
be performed to avoid systematic drifts in the orbit osets.
 Variations due to characteristics of the LEP dipoles. It is known that the magnetic eld
in the LEP dipoles increases slowly during a ll. This eect will be less severe at LEP2
due to shorter lls. Furthermore, the rise can be monitored by placing NMR probes inside
some of the LEP magnets. In 1995 two such probes were installed, and were most useful
in understanding the LEP energy, which they seem to track with a precision of better
than 3 MeV. It is foreseen that a larger number of such probes will be present in the
future, allowing better sampling, and hopefully smaller errors.
 Temperature variations are no longer a problem since temperature regulation of the cool-
ing water has been implemented.
 Variation in the RF voltage distribution around the ring. A good understanding of these
eects requires logging the status of all RF stations, (voltage and power). In addition
measurement of the phase of the cavities should be performed a few times a year. Control




interactions vertices in the LEP detectors, as well as with measurements of the dierence
in horizontal orbit between electrons and positrons in the arcs (saw{toothing monitor).
The size of eects is expected to grow at LEP2 according to the large RF power in
operation. The precision of the monitoring should remain similar.
 Systematic eects on the CM Energy at each Interaction Point caused by residual vertical
dispersion and small collision osets [6] when operating LEP in bunch-train conguration
have been simulated [7] and found to be in good agreement with the measurements. The
strategy proposed to minimize the CM energy shifts [8] was applied with appropriate use
of the Vernier Scan technique [9] during the 1995 Physics Run [10].
Once these eects are corrected for, an r.m.s. scatter of < 10
 4
on the beam energy is to
be expected. To know the average of the two reference polarization-calibrated energies with a
precision of the order of 2 MeV it can be envisaged to perform, once every two weeks or so, a
calibration at 45 GeV and at E
Pol
max
during a dedicated ramp.
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3.2 The Flux-Loop
It is expected that the main uncertainty will then come from having to extrapolate from these
energies up to the operating higher energy. The error comes primarily from the uncertainty in
the knowledge of the linearity of the magnets. In absence of a direct measurement of the beam
energy, this can be obtained using the ux-loop technique.
At the construction of LEP, an electrical loop was inserted around the pole tips of every magnet
in the ring. The voltage induced in the loop when the whole dipole system undergoes a magnetic
cycle of a given excursion allows a measurement of the variation of the magnetic ux up to
beam energies of 100 GeV. The response curve of the magnets can be obtained to an absolute
precision only at the level of  5 MeV. However the linearity can be rather well determined.
Better measurements might be obtained by comparing with the NMR probes in the reference
magnet and in the dipoles in the tunnel. The process of cycling the magnets is repeated several
times, providing an estimate of the short term reproducibility which is found to be at the level
of a few 10
 5
. The long term reproducibility was found to be more at the level of 2  10
 4
,
however the reproducibility of the derivative from 40 to 65 GeV is much better.
In the LEP2 era, the ux-loop calibration will be extended up to 100 GeV. Regular ux-loop
measurements should be performed. The accuracy on the extrapolation has been estimated as
follows:
 First, the uncertainty stemming from the resonant depolarization results was estimated
using linear extrapolation error formulae. This would be the case if one could trust with
nearly innite precision the non-linearity curves from the ux-loops. The resulting curves
are shown in Fig. 1 for two values of the energy to which one extrapolates, as a function




 Second, the uncertainty coming from uncertainties in the non-linearity coecient. Here
a worst case estimate can be obtained by assuming that the non-linearity coecient is
totally unknown, and only inferred from the resonant depolarization energies themselves.
This is obviously too pessimistic in view of the above discussion. The resulting dependence
on the maximum polarizable energy is shown in the curves labeled `quadratic'.
 Finally, the ux-loop information is added assuming a conservative 2  10
 4
precision.





















LINEAR TO 80.5 GEV
QUADR. TO 80.5 GEV
quadratic
extrapolation
LINEAR TO 95 GEV
QUADR. TO 95 GEV
Figure 1: Accuracy E
beam
from linear and quadratic extrapolations from an intermediate
Energy point to E
beam



















 Using the FLUX-LOOP
PRECISION at 80.5 GEV
PRECISION at 95 GEV
Figure 2: Accuracy E
beam
for quadratic extrapolations from an intermediate Energy point
to E
beam





Table 1: Uncertainties (MeV) from Flux-Loop Extrapolation to two operating Energies and
for two values of E
Pol
max
in the conservative assumption of using `quadratic' extrapolation and a
precision of 10
 4










60 GeV 65 GeV 60 GeV 65 GeV
FLE extrapolation  12  7  18  14
RD calibration 2 2
Central Orbit Uncertainty 3 4
Dipole temperature correction 2 2
RF and collision osets 2 3
Total  13  8:5  19  15
3.3 The NMR probes
A possibility to estimate the operating energy is to make use of the NMR probes in a sample
of LEP dipoles in the tunnel. The limitation is not in the accuracy in the measurement of
the magnetic eld, good to  10
 6
, but in the fact that the NMR's sample a very small
fraction of the guiding eld. However, it is expected that the behavior of the LEP dipoles is
suciently homogeneous to warrant that the 8 NMR probes foreseen to be installed will provide
adequate sampling. The calibration of the absolute scale will be provided by comparing with
the RD measurements. How well the NMR's sample the non-linear behavior of the LEP dipoles
will be determined using the two available polarizable energies. At LEP1 in 1995, with two
NMR's, the energies were tracked with a precision of  3 MeV. This gure should be even
better at LEP2 with a larger number of probes. The associated error will be measured directly
using data, but it seems likely it will be less than 10 MeV.
3.3.1 Summary
It is seen that polarization at 60 GeV would be sucient to derive the beam energy at the
W

pair threshold (80.5 GeV per beam) with sucient accuracy. Polarization at 65 GeV
should be enough to safely infer the beam energy with a precision of better than 15 MeV over
the whole energy range of LEP2. This conservative estimate should be reduced to 10 MeV or so
when several ux-loops will have been performed and compared with the results of the in-situ
NMR probes.
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4 Heavy Ion Acceleration
The possibility of injecting and accelerating He or Pb Ions, less relativistic than protons,
(Heavy Ion Acceleration, HIA) has been proposed [11] inspired from an original experiment
[12] where the speed c 
p
of protons circulating on the same orbit of electrons was measured to





















The implementation of the method would require important investments to equip LEP with a
variable frequency RF system to track the speed of ions during the acceleration phase, and the
experiment could probably be performed only once a year.
5 Visible Synchrotron Radiation
The use of Synchrotron Radiation in the visible range has been investigated [13] as a possible
method to achieve high precision absolute beam energy measurements with accuracies in princi-
ple higher than magnetic spectrometers. The method is based on the comparison of the photon
ux transmitted by high precision slits intercepting two well dened fractions of the S.R. cone
of emission. The use of visible light is suggested to allow the adoption of standard optical
components as an advantage w.r.t the X-ray techniques to amplify the narrow emission angles
of radiation to a magnication M=100. The proposed technique has not yet been investigated
experimentally as it makes use of selecting slits requiring high precision tolerances both in the
machining process and in the positioning in the ring. Besides these implications the accuracy of
the method relies on the precise knowledge of the magnetic eld at the emission point selected
by the optical setup. Calculations performed at the CEBAF energies (0.5 to 4 GeV) anticipate
a 10
 4
absolute accuracy. Application of the method mainly addresses to Experimental halls
or to energy-feedback applications for Linear Accelerators.
6 Mller scattering
Another possibility to directly measure the beam energy at LEP2 is oered by the Mller scat-
tering technique (MS) [14]. The absolute energy scale would be established by cross-calibration
with RD at any convenient low energy (say E
beam
= 50 GeV), and the MS technique used at
higher energies. By use of a symmetric detector it is, in principle, also possible to measure
the energy of the e
+
beam, using Bhabha scattering. However space limitation in LEP may
preclude this possibility.
The Mller scattering provides a continuous measurement of the beam energy at the
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gas Target location. The knowledge of the beam energy at the four experiments must be
derived from this measurement with reasonable monitoring of the time evolution, during the




is determined by measuring  and  in the two body kinematic relation for














where  is the `opening angle' between the two scattered electrons (Fig.3):





























The value of 
min
ranges from 9.53 to 6.73 mrad at E
beam
=45 GeV to 90 GeV respectively.
The parameter  = cos 





























The proposed detector is shown schematically in Fig. 3. It consists of the following elements:
 A hydrogen gas jet target (GJT) similar to that used in the UA6 experiment [15]. The
bound electrons of the hydrogen atoms serve as target.
 A silicon micro strip detector (SMD) with full azimuthal acceptance and a polar angle
acceptance from 2 to 10 mrad measuring (r; ) co-ordinates in the transverse plane.
 A high resolution electro magnetic calorimeter (ECAL) with a similar angular coverage.
 Small silicon micro strip detector planes in vacuum, close to the GJT, to detect recoil
protons from elastic e-p scattering.
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Figure 3: The Mller detector.
Two dierent determinations of E
beam
, with very dierent systematic errors are possible de-





























uses both the SMD and the ECAL but is independent of the beam position, whereas E
B
uses only the SMD and requires the beam position to be known.























). Eqn. (11) indicates that 1 MeV precision on
E
beam
at 90 GeV requires knowing  to 5 10
 6
. The corresponding tolerances on L and l (30
m and 20 cm for  = 
min
) are 150 m and 1 m respectively. This level of survey accuracy
is challenging but not unrealistic. Compared to this absolute accuracy, the requirement on the
resolution of l is much looser. The beam energy has an intrinsic spread of 
E





=l = 0:75  10
 3
). There is a similar size eect from Fermi motion of the target
electrons. Thus the position resolution of SMD can be at a level of 50 m, easily achieved by
the standard silicon micro strip detector technology.
To estimate the statistical error on the E
beam
measurement we consider the centre of mass


























The 2 mrad minimum scattering angle accepted by the detector corresponds to the center of
mass acceptance of c
0
= 0:479 at 90 GeV. The accepted Mller cross sections is 15:5 b. With
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[14] the Mller event rate is
r
M
= 620 Hz (2:2 10
6
events=hour): (13)
The statistical accuracy estimated from the Monte Carlo simulation described below is typically
2 MeV for a sample of 10
6
events at 90 GeV, which can be collected in about 30 min. The













(' 2 MeV in 30 min data taking): (14)




) the scattering cross section is about 1/4 of that for Mller
scattering and the statistical error two times larger. The statistical error is thus suciently
small compared to the goal of 1{2 MeV overall accuracy.
6.2 Simulation of Systematic Eects
In order to assess the systematic eects, a Monte Carlo study was made with realistic assump-
tions. Radiative corrections, Fermi motion and ECAL resolution are considered together with
beam energy spread, size and angular divergence [16]. The eect of each individual contribution
was studied with the following parameters for our model:
L : 30 m
SMD acceptance : 2:00  6:00 mrad
ECAL acceptance : 1:67  6:33 mrad

















Energy spread : 
E
= 125 MeV (E
0
= 90 GeV)
All of these eects were incorporated in a Monte Carlo event generator. The results presented
below used a modied version of the Bhabha event generator BHAGENE3 [17]. The radiative
corrections were also checked using both the Mller scattering generator BMOLLR [18] and a
simple code based on a factorised soft photon approach [14].
6.2.1 Binding Eects
The kinematical eects due to atomic binding of the target electrons [19] are similar to those










CM and the Lab systems are modied. If a bound electron has Fermi momentum p
f
then the CM energy
p









where  is the angle between ~p
f
and the beam direction. The probability distribution for p
f






















The modication of the centre of mass energy s to s
0
modies the opening angle  accord-














= 3:6  10
 3
. This causes a signicant increase in the width of the recon-
structed E
beam
distribution (larger than the LEP energy spread). However, this shift averages
to zero when integrated over cos and the net shift (due to higher order terms) is small.
6.2.2 Radiative Corrections
The main eect of photon radiation is due to initial state radiation. The CM energy and the




CM system and the LAB are modied. This eect modies
 rather than . The consequence is a loss of statistics from the narrow central peak of E
beam
distribution due to highly radiative events rather than its signicant broadening.
6.2.3 Beam Size and Divergence
In the E
B
method the parameter  is dened by (6) and (7). The main sources for  are the
uncertainties in the beam position and the nite transverse beam size. In the worst case, when
the scattering plane is horizontal, the scatter of collision point from the center has the r.m.s of
1.54 mm. This corresponds to the shift in  of 0.015 r.m.s. From eqn. (11), the shift in the
measured E
0
is estimated to be 20 MeV at E
0
= 90 GeV.
In order to make a correction for this shift to an accuracy of 1 MeV, the beam size should be
known to a level of 5% relative precision. Possible ways to achieve this precision are discussed
in Section 6.3.
6.2.4 ECAL Resolution and Gain Stability
In the E
A
method, The ECAL resolution 
E
propagates to the resolution of 
A







=E. Similarly the relative gain calibration error between dierent calorimeter
modules leads to a shift in . As indicated in eqn. (11) a high resolution calorimeter is important
69
to reduce the contribution from 
2
. A resolution of  1% may be achieved at E
e
= 45 GeV
using existing techniques (crystal or lead glass calorimeter). Using such a calorimeter the shift
due to the quadratic term in  is about 4.5 MeV at E
0
= 90 GeV. To make a correction
for this shift with an accuracy of 1 MeV, the ECAL resolution should be known to a relative
accuracy of 10{20%. The resolution can be continuously monitored using electrons from e-p
elastic scattering (see Section 6.3 below). Gain calibration can be maintained by using a
suitable gain monitoring system. A precision of 0.1% level for short/medium term has been
already achieved in existing large scale calorimeters [20]. The Gain of the calorimeter can also
be checked using the electrons from ep elastic scattering. Within the acceptance of ECAL, the
energy of the electron is almost the full beam energy and varies only by 0.1% over the range of




with method B with all eects considered is shown in Fig. 4. The
systematic bias due to individual contributions as well as the overall systematic shift for both
methods A and B are summarized in Table 2. For method A the most important systematic






















Table 2: Systematic shifts (MeV) of the energy measurement for E
0
=50 and 90 GeV.
Parameter E
0











Radiative eects 0.1  0.2 0.2  0.2 -0.4  0.7 -0.4  0.7
Fermi motion -1.1  0.7 -1.1  0.7 -2.0  1.3 -2.0  1.3
Beam size 0.2  0.1 -2.0  0.2 0.4  0.4 -8.1  0.4
Beam divergence 0.1  0.1 -0.7  0.2 0.8  0.4 -2.1  0.4
ECAL resolution -2.9  0.2 0.2  0.2 -7.2  0.4 0.7  0.4
All eects -8.9  0.8 -6.3  0.8 -9.4  1.5 -16.7  1.5
6.3 Elastic e-p Scattering to monitor the Target-Detector distance
As mentioned in Section 6.1, a 1 MeV uncertainty on E
beam
corresponds to a relative uncertainty
in  of 5 parts in 10
6
. This implies, from (4), that the distance L from the target to the detector
plane must be controlled to the same accuracy, i.e. to 150 m for L = 30 m.
The position and size (a few mm) of the gas jet are not stable. It is proposed to monitor
continuously the mean value of L, L by detecting and analyzing elastic e-p scattering events.










For the SMD acceptance region: 2 < 
e











. The recoil proton is detected, in coincidence with the scattered
electron, in the Recoil Proton Tracker (RPT) a small silicon strip detector in vacuum, built
into the support of the GJT. A similar arrangement was used in the UA6 experiment [15]. If r
is the radial distance of the e-p collision point from the RPT and, z and z
D
are the coordinates,
parallel to the beam direction, of the collision point and the proton hit in the RPT respectively,













The resolution in z is about 500 m, mainly due to nite beam size. The accuracy with which
the mean value of z for an ensemble of events can be determined is then completely dominated









length of the luminous region of the target, typically ' 5 mm.
The cross section for ep scattering is 46 b for electrons detected between 2 and 7 mrad.
If the azimuthal acceptance is 16%, the accepted cross section is 7:4 b, or 74 events/second










recorded and the mean longitudinal target position determined with a statistical accuracy of
10 m. This is more than an order of magnitude better than the tolerance of 150m in L
required for 1 MeV precision on E
beam
.
6.4 Monitoring the transverse beam prole using Mller events
We discuss two methods to monitor the transverse beam size and its position using the Mller
events. Since the majority of the electron pairs are coplanar, the vertex position of an event
lies on a straight line between the positions of the electrons in the SMD plane.
The beam position and prole can be measured assuming that the intersection of the line
between the two hit positions of the electrons with the nominal Y (X)-axis is, to a good
approximation, the Y (X) coordinate of the vertex position if the line is nearly parallel to the
X (Y)-axis.
The second method uses a maximum likelihood t. The probability P to nd two electrons








) is calculated event by event for a certain model of the beam
















) are the position and spread of
the beam respectively. For a given ensemble of Mller events, the likelihood lnL =
P
lnP is
maximized to obtain the beam transverse parameters.
The two methods have been tested by Monte Carlo simulation. 5000 detected Mller events
determine the horizontal beam size to a relative precision of 5% and the mean beam position
to  100 m. This number of events can be collected in about 10 seconds (eqn. 13) hence the
beam geometry can be monitored several times per minute.
6.4.1 Summary
Two complementary methods, with dierent dominant systematic errors, can measure the LEP
beam energy using Mller scattering. The calibration of all relevant parameters (calorimeter
resolution and gain, beam size and position, target detector distance) can be determined ei-
ther directly from the Mller scattering data itself, or from concurrently detected e-p elastic
scattering events. A 2 MeV statistical error is obtainable in 30 minutes data taking time
at 90 GeV. Detailed simulations anticipate a 2 MeV intrinsic systematic error when cross
calibrating with the resonant depolarization. Systematic errors from the extrapolation to the
IP's of E
beam
measured at the Gas Target location remain to be investigated.
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7 Conclusions
The problem of the measurement of the beam energy in LEP2 has been addressed and a se-
lection of possible alternatives to a direct application of the Resonant Depolarization Method
has been considered, namely extrapolation of Resonant Depolarization measurements based on
magnetic eld information from ux-loop and NMR probes, Heavy Ion Acceleration, Visible
Synchrotron Radiation and Mller Scattering technique.
Use of the ux-loop up to a magnetic eld corresponding to a 100 GeV beam energy would
provide a calibration of the non-linearity of each octant of the ring magnetic structure.
A reasonable set of NMR probes (one per octant) will provide a very precise (10
 6
) and contin-
uous measurement of the local magnetic eld, on-line with the operation of the machine.
Polarization at 60 GeV is shown to be sucient to derive the beam energy at the W

pair
threshold within the required accuracy (eqn. 2). Polarization at 65 GeV would provide a 15
MeV (or better) precision over the whole LEP2 energy range.
Future experience with regular Flux-loop measurements and their comparison with in-situ NMR
probes should reduce to about 10 MeV the above conservative estimates. Both methods make
use of existing technologies and little additional equipment (NMR) is needed.
The Heavy Ion Acceleration method would provide a very high precision, but its implemen-
tation would also require important modications in the Machine at the RF level.
The use of Visible Synchrotron Radiation seems more adapted to beam energies lower than
those available at LEP2 and to layouts, like those encountered in the Experimental Halls,
oering easier ways for light extraction.
The Mller Scattering method allows for continuous on{line energy measurements over
time intervals of about 30 min with an intrinsinc precision of about 2 MeV. Its implementation
requires important implications for the Machine. A reconguration of the magnetic structure in
the LSS of interest would be needed to provide adequate spacing between target and detector.
The method also involves the construction, installation and operation of a Gas Target whose
technical realization is estimated to be of the order of 18 months [21]. Further investigation is
needed to evaluate the systematic errors from extrapolating the local beam energy information
to the four IP's, as it will be aected by the changes in the machine conditions during the
measurement. The order of magnitude of the extrapolation errors should be similar to that
from the average Resonant Depolarization method.
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